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Summary

This report addresses a challenge proposed at the 174" European
Study Group in Industry to develop an algorithm to optimize processes
on rubber soles manufacturing. The objective is to create an order dis-
tribution plan that maximizes efficiency, reduces setup times synchro-
nizing molds changing, ensuring that delivery dates are met. This prob-
lem can be classified as a parallel machines scheduling problem with
sequence dependent setup times. This work presents an heuristic that
minimizes the makespan, accounting for the sequence dependent setup
times, divided into two steps: (i) a client’s order will be partitioned into
sets corresponding to the assigned slots; (ii) reorder the molds within
each position of the press, so that setup times are simultaneous. We
find solutions for real data, also for cases with double and triple molds
for a given size. Results show that synchronization of setup times due
to heating and mold changes decrease significantly the makespan.
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1 Introduction

At the 174" European Study Group in Industry, a challenge was proposed by the soft-
ware company Softideia to develop an algorithm to optimize processes on rubber soles
manufacturing.

The challenge consists in the optimization of the scheduling processes on a company
that manufactures rubber soles, which involves the efficient management and distribution
of its production orders by a set of available machines. The machines are divided into two
sectors: Injection and Compression. Each machine works with one or more presses, where
each press can operate with a specific number of molds. Each mold, in turn, produces a
pair of soles in each production cycle.

The main question is how to distribute efficiently and effectively the production orders,
taking into account the required quantities and sizes, across the available machines,
considering several assumptions. The objective is, therefore, to create a production order
distribution plan that maximizes efficiency, reduces the time for configuration and change
of molds and colors, and ensures that delivery dates are met.

1.1 Scheduling problems

Scheduling problems are a daily challenge in manufacturing. In injection molding industry
it is necessary to plan in advance the production scheduling, to maximize the system
productivity and resource efficiency [5]. In some environments there are several machines
that can be used in parallel to process jobs [7], and usually the objective is to optimize
a certain time-related metric [9].

For each job j in a schedule, there are several metrics regarding the time spent pro-
cessing the tasks in the system. The completion time of job j is usually denoted by C}.
The makespan is the completion time of the last job to leave the system:

Crar = mjax Cj.

Minimizing the makespan usually implies a good use of machines [11] and therefore it is
one of the most common performance measures.

Setup time is the time required to prepare all necessary resources to perform a task [1].
Setup times can be sequence dependent [6], machine dependent [%], or both: s;j; repre-
sents the setup time on machine ¢ between the processing of jobs j and k. Since the
setup process does not add value, considering it explicitly in the scheduling decisions can
improve resource utilization and increase productivity. Ignoring setup times adversely
affects the solution quality of some applications of scheduling [1]. The classical review
papers on scheduling problems with setup times by Allaverdi [2, 3, 1] discuss thoroughly
many types of scheduling problems addressed in literature throughout the years.

In this work, minimizing the makespan is the main objective, since finishing the order
of a client as soon as possible helps in meeting the established deadlines, decreasing idle
times, not mixing up orders from different customers, and making the process efficient.
The considered problem can be classified as a parallel machines scheduling problem with
sequence dependent setup times, since there are 39 slots available that can be used in
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parallel, some jobs can only be processed in a subset of the available slots, and setup
times are dependent on the sequence of jobs assigned to each machine.

1.2 Methodology

Scheduling problems can be solved either by using an exact approach, or an approximate
approach. The exact approach means formulating a linear programming model and solv-
ing it with commercial solvers until finding the solution with the best possible value for
the defined objective function (the optimal solution). The approximate approach means
using an heuristic to build a feasible solution and improve it from there. The exact
method finds the optimal solution of the problem, but if the size of the instance is large,
it may take a considerable amount of time to find it, or even to prove that it is actually
the best solution. The approximate method is usually fast in finding a good solution for
the problem, but it does not guarantee its optimality.

Regarding approximate methods, there are specifically developed heuristics to target
some performance measures of scheduling problems, known as dispatching rules. Dis-
patching rules are simple heuristic procedures, specially designed to generate a feasible
solution, that perform well in a certain scheduling problem. More general heuristic proce-
dures, such as simulated annealing, tabu search [13], or metaheuristics [10], can be used
for solving scheduling problems as well.

The development of heuristic methods dedicated to address industrial needs, such as
the ones presented in the next sections, can provide a fast, easy to build, and easy to
maintain tool, which gives reasonable solutions over all objectives [14]. As noted in [12],
allowing for the possibility of splitting jobs into inconsistent batches can improve the
operational efficiency in parallel machine scheduling. In the proposed heuristic for this
report, job splitting was considered for the cases where double or triple molds were
available, aiming to synchronize the setup times.

1.3 The challenge for scheduling the rubber soles vulcanization process

In order to make strong and durable rubber, it goes through a heat-treatment phase
known as vulcanization. This is where the rubber is cooked (often with sulphur) to create
extra bonds or cross-links between the molecules of the rubber, so they don’t easily fall

apart [4]. Charles Goodyear accidentally discovered this process, when he dropped some
rubber onto a hot stove and noticed how the heat made the rubber harder and more
durable.

The optimization of the planning for the rubber soles vulcanization process is the focus
of our report. To present the scheduling challenge, we will adopt the following terms.

e order - an order from a client for a certain sole model is a list with the quantities to
be manufactured for each size.

e mold - there is a certain number of molds available for each size of a sole model; some
sizes with larger demand may have multiple molds, that can be used simultaneously.

e slots - positions where a mold is put to compress the rubber to produce a pair of soles.
There are slots of different sizes/types to fit mold types up to a certain height.
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Figure 1. Molds used for manufacturing a pair of rubber soles.
Source: https://www.indiamart.com/proddetail/double-heel-type-shoe-sole-molding-die-5009140212.html

Source: https://www.tradewheel.con/p/rubber-sole-vulcanizing-machine-high-precision-468201/

e press - a press can have 2, 3, 4 or 5 slots of the same height. It compresses and heats
up all the slots simultaneously, causing the vulcanization of the rubber.

e machine - a machine can have 2, 3 or 4 presses, being usually assigned to the same
worker.

Figure 2. Vulcanization machines with one or more presses, each composed by several

slots for positioning the molds.

Source: https://portuguese.alibaba.com/p-detail/Rubber-60625300797 . html?spn=a2700.details.0.0.7£3646£eRS6m0h

Source: https://xchsjx.en.nade- in- china. com/product/gdCtpou0ArRM/China- Rubber-Bricks-Making-Machine-Rubber-Brick-Vulcanizing-Press-Gym-Floor-Tile-Making-Machine.

html

Currently, the company has five machines available - A, B, C, D, and E. Machines
A and B have 2 presses each, machines C and D have 3 presses, and machine E has 4
presses. The two presses of machine A have, respectively, 5 and 4 slots. Both presses in
machine B have 4 slots. One of the presses in machine C has 3 slots and the other two
have 2 slots. Machine D has the same configuration of machine C. All the four presses in
machine E have 2 slots. This amounts to a total of 5 machines, with 14 presses, and 39
slots available to produce rubber soles simultaneously.
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P = =0 ﬂﬂ

Figure 3. Vulcanization machines with one or more presses, each composed by several
slots for positioning the molds.

Machines A B C D E
#Presses 2 2 3 3 4
#Slots 5-4 4-4 3-2-2 3-2-2 2-2-2-2

Presses that have 5 slots can only fit thinner molds, while presses with 2 slots can
fit thicker molds. When a certain client’s order arrives, it is classified according to the
height of the slots where the corresponding molds may fit. Therefore, we will consider
four order types: T2, T3, T4, and T5. The most thin soles are T5 and the most thick
ones are T2.

A more detailed version of order types will be given later, concerning also the number
of multiple molds and the number of positions used to perform the order.

The mean time for the vulcanization process of a pair of soles is 10 minutes. We will
consider this cycle time as the main timestep. The average downtime due to heating after
changing a mold in one of the slots of a press is 30 minutes (3 timesteps). The replacement
of a mold in one of the slots affects all slots of that press. During the heating time, when a
new mold is inserted in a slot, all slots of the same press must also stand by, to adjust the
temperature before continuing production. Therefore, to solve this scheduling problem,
one must consider setup times dependent on the sequence in which jobs are assigned to
each machine.

2 Heuristic

In this section, we present an heuristic that aims to find a solution to the problem in a
fast way, and that highly satisfies the conditions desired by the company. By solution,
we mean a distribution of a client’s order by the slots of a press of an appropriate
vulcanization machine that will be completed before the deadline accorded with the
client. The following conditions were considered constraints in our problem:
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(1) a customer’s order is manufactured in a single take, i.e., it does not alternate with
other orders;

(2) within an order, all pairs of a given mold are manufactured in one take on the
same press;

(3) if a sole size has more than one mold associated, then the soles of this size can be
divided in any possible way;

(4) all pairs of a given customer’s order are of the same height type;

(5) any pair of soles takes one timestep to be vulcanized;

(6) a mold takes three timesteps for heating before starting the process of vulcaniza-
tion, and all slots in the same press stop working in that three time steps.

The following table summarizes a real instance of the problem, provided by the com-

pany.
Size 36 | 37 [38-1/38-2[39-139-2] 40 | 41 | 42 [43
Nb. of Molds 1] 1 2 2 1111
Order Quantity |212[460| 964 1234 83933914496
Quantity per mold | 212|460 | 482 | 482 | 617 | 617 | 839|339 144 |96
Order (O) 215]463| 970 1240 | 84234214799

Table 1: Example of a client’s order provided by the company.

Given a certain client’s order, let n be the number of different soles sizes, and [ be
the total number of molds. For the example in Table 1 we have n = 8 and [ = 10. In
the table, the Order Quantity for each size sole is given in the third line, where we can
see that there are two molds for each of the sizes 38 and 39. In the fourth line, the
company presented the standard split of the order quantities per mold. Since each mold
needs three time steps for heating before start the vulcanization, and takes one time
step producing one pair of soles, we added those three times steps per mold to the order
quantity, resulting in the values presented in the fifth line of the table. We set O to be
this vector, O = (215,463,970, 1240, 842, 342, 147,99). This order will be produced in a
single machine that has a certain number of presses of the height type of the order, in a
total of k slots.

We label the order according to the mold height, and the number of double or triple
molds, using the notation M_(S_D_T k), where the subscribed values will correspond,
respectively, to the mold height type, and the number of single, double and triple molds,
and k is the total number of positions in the machine where we could vulcanize the
considered type of sole. For the example of Table 1, considering that the mold is of height
type 4, and that will be vulcanized in a machine with two presses of this height type, we
denote the order by M,(SgD2,8). Another example, My(S5D2T1,8) would correspond
to an order of molds of height 2, with 5 single molds, 2 double molds and 1 triple mold,
making a total of 12 available molds, and that will be done in a machine with 4 presses
of height type 2, in a total of 8 positions for vulcanization. Note that n is the sum of the
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subscribed values in S, D, and T, and [ is the sum of these values multiplied, respectively,
by 1, 2, and 3 (the number of molds of each size).

Given a client’s order, a certain machine will be chosen to vulcanize all the soles of
the order, and that could be busy with a previous order of another client. Thus, we need
to consider a starting times vector for all the positions in the machine to be used by the
order. We set B to be the vector of availabilities of each position, with length k. To run
the heuristic for a single client, we set the first starting time to be zero.

Given an order O, of length n, to be produced with [ molds, in a machine with &
positions, we define a word W of length [ in k letters, where W; € {1,...,k} will be the
slot assigned to mold of size ¢ where the vulcanization will be done.

To calculate the instant when a slot in a press will finish the vulcanization of its
assigned soles, we need to add five types of time intervals: (i) the time that the slot is
still working on the previous client’s order; (ii) the time to vulcanize soles assigned to
the slot; (iii) three time steps whenever the press needs to heat a new mold in that slot
(heating); (iv) the intervals of time when the slot will be empty, waiting for the heating
of a new mold in another slot in the same press (waiting); (v) the intervals of time when
the slot will be empty, waiting to synchronize with another slot for heating new molds
(synchronization). Our goal is to minimize the completion time of the order.

The heuristic consists in splitting the problem into two distinct phases, making an
exhaustive search within each sub-problem. Step (i) sets which molds go to each position,
Step (ii) finds the ordering of the molds within each position that maximizes the number
of simultaneous changes of molds.

This procedure works well and finds practical solutions for this scheduling problem.

In the following subsections we will explain the details of Steps (i) and (ii), and we
will provide several examples in Section 3, namely the cases with only single molds, one
double mold, one triple mold, and one example with a double and a triple mold.

2.1 Step (i): The k-partition of a client’s order

In the first step of the heuristic, a client’s order will be partitioned into sets corresponding
to the available slots in the machines. There are some variations in the heuristic when
the order allows for some sizes with double or triple molds.

2.1.1 All single molds

We start by assuming that all molds are single, that is n = [. Considering k slots to vul-
canize the corresponding soles, all possible combinations of size soles and press positions
will be analyzed. This corresponds to evaluate all words W of length [ in k letters, where
the *" letter W; will represent the slot where the vulcanization of all soles of mold 4
will be produced. Each word W is called a k-partition of the order. For example, letting
I =n =3, the word W = [221] corresponds to an order of three soles sizes, where the
first two are assigned to slot 2, and the third is assigned to slot 1.

We set Ey = (Ej);j=1,..k to be the vector of the ending times of the slots used to
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produced the given order. It follows that

E;=B;+ Y 0
icl;
where I, j = 1,...,k, is the set of positions ¢ of W such that W; = j. In other words,
I; is the subset of the soles of the order that are assigned to slot j. Note that these
ending times do not consider yet the waiting and synchronization times, as they will be
considered in Step (ii).
In Step (i), our goal is to choose W such that ||Ey || = max; F; is minimized,

Y A

i.e., we seek to minimize the makespan, the time instant in which the vulcanization of all
order ends. The chosen W is associated with a minimal k-partition Py, of the order.

In case we have at least one sole size with more than a mold, i.e. [ > n, we divide this
size order of length n in [ blocks, before the calculation of the minimal k-partition. In the
following subsections, we define a procedure, in the attempt to achieve the best solution,
the one that minimizes the finishing time of all order.

2.1.2 One double mold

For the case with one double mold, that is, where we can use two molds to produce the
soles of a certain size in a given order, an additional reasoning has to be introduced. In
this case, for an order O of size n, we have n — 1 single molds and 2 molds corresponding
to the doubled number. So we will consider two order vectors, one for the quantities of
sole sizes with single molds, O7, and another for the soles with double mold, Oz, where
we divide the total quantity by the two molds.

We define the ratio r to be

T_ZOI+ZOZ+ZB
= 3 .

Note that if we were able to obtain an ideal configuration, r would be the smallest
completion time possible.

As in the previous case, we will consider the set of k-partitions of Oy + O3, and find
the partition that minimizes a balanced metric for the two objectives:

_|_

k
min lm Z’E[i] oy ‘E[l] —E[Q]”.
i=3

The objective function is composed of two parts. The first one balances the k — 2 last
positions as close as possible to the ratio value r. The factor 10 makes it more important
to make the associated terms of the sum closer to 0 than the last term. The last term of
the objective function represents the difference between the completion times of the first
two slots, where the double molds are assigned. The quantity of the size order for these
molds will be divided in such a way that the completion times of two slots are as close
to each other as possible.

Since the mold of O3 can be produced on both positions 1 and 2, we will split the total
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amount of the order of the double mold in a way that, adding the split values to E[1]
and F[2], they end as close as possible (and as a consequence of the objective function,
also close to 7).

2.1.3 One triple mold

The reasoning for this case will just consist on a simple adaptation of the one considered
for a double mold, defining instead of Oz a vector Og, and letting 3 positions out to
perform the production of the number associated to the tripled mold. The corresponding
metric to minimize will be

+

rm{miywm—ﬂ) ‘Em—Emqum—Emhﬂmm—Emy

with

T_201+ZO3+EB
= 3 .

As in the last subsection, the objective function is composed of two parts. The first
one balances the k — 3 last positions as close as possible to the ratio value r. The last
terms of the objective function represent the difference between the completion times of
the first three slots, where the triple molds are assigned. The quantity of the size order
for these molds will be divided in such a way that the completion times of the three slots
are as close to each other as possible.

2.1.4 Two double molds

For this case we assume that the number of positions is at least 4, since otherwise we
could not take full advantage of the split of two molds. As in the previous cases, we
consider

r_201+202+ZB
= - ,

and also define d as the difference between the two values of the two sizes with double
molds, that will be divided in two values each for vector Oz, with length 4. In this case,
in the metric we will consider two extra terms that balance the four positions used for
the double molds in a way that the difference between the two pairs is as close to d as
possible. The metric formula is the following:

+||| B+ BR) BB+ Bl —d) | +

k
min llo Z(|E[i]—r|)
i=5
The first term aims to balance the k —4 positions (the ones with only single molds) as
close to the ideal ratio r as possible. The second and third terms split the order produced
by the double molds in such a way that the completion times of the four slots are as close
to d and to each other as possible.
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10
2.1.5 One double and one triple mold

For the case where one double mold and one triple mold are available, we consider
b 201+30: 43 0s+3 B
= : ;
re = QT—ZOz,and

7‘3237“—203.

In this case, in the metric we will consider an extra group of terms that balances the five
positions used for the double and triple molds in a way that the difference between the
values is as close to 7y and r3, respectively, as possible. The objective is to minimize the

following formula:

mm[wﬁiOEmrD

=6

+5

+MM+EM+EMfm

+

@m+Emfm

+ ||B01 - E2| + | B3] - )| + Bl - BB + | BB - £15)

The objective function is composed of three parts. The first one balances the k£ — 5
last positions as close as possible to the ratio value r. The second group of terms of the
objective function represents the difference between the completion times of the first five
slots, where the double and triple molds are assigned. Note that ro represents the order
quantity produced with single molds placed in positions 1 and 2 and r3 represents the
order quantity produced with single molds placed in positions 3, 4 and 5. The third group
of terms divides the quantity of the size order for the double and triple molds in such a
way that the completion times of five slots are as close as possible. The factors 10 and 5
give more relative importance to the first and second group of terms.

2.2 Step (ii): Ordering within a press

Let W be the word determined in Step (i) and Py, the associated partition of the order
into k sets. Note that in Step (i) the quantities of Oy and Og are already divided.

Since this is a scheduling problem with sequence dependent setup times, producing
the rubber soles in a different sequence may change the final completion time. In this
second step we evaluate all the permutations of the molds within each position in order
to minimize the heating times in a press. This is accomplished by choosing an ordering
of the molds in each slot that allows for the most coincidences in the change of molds,
in order to avoid unnecessary delays.The result is an improved solution.

Note that if an order is produced in more than one press, we only have to synchronize
mold changes for positions in the same press.

For each j, with j = 1,...,k, let C; be the vector of cumulative times at position j,
called timeline from now on. This vector is the sum of the timesteps necessary to produce
the soles with the molds assigned to position j, added with the corresponding heating
time, and also with the waiting times caused by the heating in another slot in the same
press. These cumulative times can be improved by promoting simultaneous mold changes.
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For two positions ¢ # j in the same press, if there exist ¢ € C; and ¢* € C} such that
|c — ¢*| < 3, then the change of the associated molds will be synchronized at the latest
time. In this case, the slot that finishes first will wait one or two timesteps to start the
next mold simultaneously to the start of the mold in the other slot. The timeline is then
updated with the delay in this position. For that reason, the analysis of synchronizable
mold changes is carried out chronologically.

For time distances of more than 3 timesteps between cumulative times, we opted not
to synchronize, but the algorithm could be easily adapted if it is considered worthy.

3 Examples

In this section we present several examples for a better understanding of the heuristic,
which varies according to the case where all sizes have single molds or the cases where
some sizes have double or triple molds.

3.1 All single molds

In this section we deal with the simplest case, where all soles sizes have one single mold.
In order to better understand the procedure, let us consider the real data provided by
the company, presented in Table 1, and make the assumption that we do not have double
molds (see Table 2).

Size 36 | 37 | 38 | 39 | 40 | 41 | 42 |43
Nb.ofMolds | 1 | 1 | 1 1 1 1111
Order Quantity | 212|460 | 964 | 1234 | 839|339 | 144 | 96

Table 2: A client’s order provided by the company, assuming that all sizes have single
molds.

Assuming that the order will be performed in an unique press with 4 slots, and all
slots are available from the initial time instant, the two steps of the algorithm produced
the following results.

3.1.1 Step (i)

The word W in k = 4 letters (corresponding to the number of slots) and length [ = 8
(number of different size soles) that minimizes the objective functionis W =[21432111].
The associated minimal k-partition consists of

Py = {51 = [463,342,147,99], S, = [215,842], S5 = [1237], 5,4 = [967]},

and Ey = [1051,1057,1237,967], with ||Ew||« = 1237.

Note that for simple examples it is quite common for the minimum value to be attained
for several k-partitions, that is, there might not exist an unique minimal configuration
(this is quite evident in this concrete example, where we have a huge amount of soles to
be produced for one size with no double mold available).
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In this step, we do not make a decision about the ordering of the molds assigned to each
slot. Figure 4 shows what will happen when the molds are put in each slot by ascending
ordering of size sole. Setup times are represented by the vertical red lines corresponding
to heating times of a new mold, and by the vertical pink lines corresponding to waiting
times, when the press is stopped to heat a new mold in another slot. In that case, we will
have [|[Ew||oo = ||Ew||co +3(I —4) = 1249, i.e., the completion time increased three time
steps for each mold that needed to be heated after the initial time instant (it corresponds
to the worst-case scenario).

s 463 I 342 [ 1ar ] 90 ] 1054

So 215 | 842 ] 1066

s3] 1237 1249

A 967 | 979
v?/ = [[2125 465’ 9647 1227 8422 3412 1417 991]] | neating time included waiting time

Figure 4. Step (i): the minimum 4-partition of the client’s order, with the increase of
waiting times in each slot, when the molds are put in ascending ordering of the size soles.

3.1.2 Step (i1)

In this step, we search for the optimal ordering of the molds in each slot, the ordering
that minimizes the makespan, i.e., the completion time of the last job from the order.
The 48 permutations were analyzed, and all are optimal solutions. In fact, in this case,
Step (ii) did not improve the result obtained in Step (i), because it was not possible to
synchronize the heating times of different slots. All the mold changes had a difference
more than or equal to 3 timesteps.

Table 3 presents the scheduling of an optimal configuration, which corresponds to the
solution presented in Figure 4.

Slot Id 2 1 1 1 4 1 2 3
MoldId | 36 37 41 42 38 43 40 39
Order 215 463 342 147 967 99 842 1237
Timeline | 215 466 808 955 979 1054 1066 1249

Table 3: Scheduling of one of the 48 optimal permutations.

3.2 One double mold

In this section, we analyze an example where a double mold for a size will be available.
Using the real data provided by the company, we make the following assumptions: two
molds of size sole 39 are available (see Table 4), and the order will be performed in a
unique press with 4 slots, which are all available from the initial time instant.
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Size

36

37

38

39

40

41

42

43

Nb. of Molds

1

1

1

2

1

1

1

1

Order Quantity

212

460

364

1234

339

339

144

96

Order (O)

215

463

367

1240

342

342

147

99

13

Table 4: Example of an order with one double mold.

Therefore, we have an order of type My(S7D1,4), where B =[0000], and
07 = [215463 367342342 14799] and O = [1240].

The results obtained by the two steps of the heuristic are the following.

3.2.1 Step (i)

The minimal k-partition obtained by the heuristic described in Section 2 is codified by
the word W = [421342131], and consists of

P = {S) = [367,342,99], S, = [463,342], S5 = [147,654], Sy = [215, 586},

with By = [808, 805, 147 + 654, 215 + 586], and ||Ew||oc = 808 (we highlighted with a
different color the letters corresponding to the double mold, and a similar procedure will
be made in the following examples).

Note that first, only single molds are assigned, and we get E; = 808 and Fy = 805,
which are close to r = 803.75, and E3 = 147 close to F4, = 215. After this, we split the
value for O5 into 654 and 586, to be introduced respectively in F3 and F,, the slots where
the double molds will be placed. Then, the waiting times are introduced, producing the
final vector E = [817,817,813,813]. This is illustrated in Figure 5.

Figure 5 presents the scheduling for the vulcanization of the soles in the ascending
ordering of size sole, and adding the associated waiting times. Note again that these
waiting times were not taken into account in the computation of the minimal 4-partition.

s 367 I 342 [ o0 ] e17
A | 463 I 342 | 817
ss[_war ] 654 | s13
Saf 215 I 586 | 813
O = [215 463 367 654 + 586 342 342 147 99] | heating time included
wWw=]4 2 1 3 4 2 1 3 1] waiting time

Figure 5. Step (i): the minimal 4-partition of the order, with one double mold, with the
increase of waiting times in each slot, when the single molds are put in ascending ordering
of size soles, and the double molds at the end.

3.2.2 Step (i1)

This procedure evaluates the possible synchronized mold changes.

After analyzing all 48 permutations in each slot for the molds ordering, the algorithm
found 16 improved solutions. Table 5 and Figure 6 show one of these solutions.

Note that it was possible to synchronize the first mold change in slots S; and Ss.
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Step (ii) improved the solution from 817 to 814, with a decrease of 3 time steps in the
completion time.

Slot Id 1 2 1 4 3 3 4 1 2
Mold Id | 41 40 43 392 39; 42 36 38 37
Order 342 342 99 586 654 147 215 367 463
Timeline | 342 342 441 592 663 810 810 814 814

Table 5: Scheduling of one of the permutations.

sq 342 [ oo ] 367 | 814
A | 342 I 463 | 814
s3] 654 [ 1a7r ] sw0
B | 586 | 215 | s10

Iheating time waiting time

Figure 6. A solution for the scheduling of Table 5.

3.3 One triple mold

In this section, the heuristic is applied to an example with one triple mold based on the
company’s data. Once again, making a small change in the real data provided, we get a
case with a triple mold in size 39 and all other sizes with single molds (see Table 6).

Size 36 | 37 | 38 | 39 | 40 | 41 | 42 |43
Nb.ofMolds | 1 | 1 | 1 3 17111
Order Quantity | 212|460 | 364 | 1234|339 | 339 | 144 | 96

Order (O) 215463 | 367 1243|342 342|147 |99

Table 6: Example of an order with a triple mold.

This example is of an order of type M4(S7T1,4), where B =1[0000],
0, = [215463 367342342147 99] and O3 = [1243)].

3.3.1 Step (i)

The minimal 4-partition obtained by the heuristic described in Section 2 is codified by
the word W = [3142342132], and consists of

Pw = {S1 = [463,342], S, = [342,99,364], S5 = [215, 147, 442], S, = [367,437]},

with Eyy = [805,441 + 364, 362 + 442,367 + 437], and ||Ew || = 805.

Figure 7 presents the scheduling for the vulcanization of the soles in the ascending
ordering of size sole with single molds and with the double molds at the end, and adding
the waiting times when a mold is heating in another slot.
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EA| 463 | 342 | 820
Sof 342 [ oo 364 | 817
A | 215 | I | 442 | 816
s 367 I 437 | 810
O = [215 463 367 364 4 442 + 437 342 342 147 99] | llcét?n.% tflnc included
W=[3 1 4 2 3 4 2 1 3 2] waiting time

Figure 7. Step (i): the minimal 4-partition of the client’s order, with one triple mold,
with the increase of waiting times in each slot, when the molds are put in ascending
ordering of the single size soles, and the triple molds at the end.

3.3.2 Step (ii)

Searching for the optimal permutations, we analyzed the 144 available permutations, and
found 6 improved solutions. Table 7 and Figure 8 present one of the results.

Slot Id 12 2 4 3 3 3 2 1 4
Mold Id | 41 40 43 393 392 42 36 39; 37 38
Order 342 342 99 437 442 147 215 364 463 367
Timeline | 342 342 441 441 448 595 810 811 814 814

Table 7: Scheduling of one of the 8 permutations.

Note that the three molds of size 39 have been placed in slots 2, 3 and 4. By reordering
the molds in its slots, one can change molds simultaneously in slots 1 and 2 at instant 342.
This achieved a saving of 3 timesteps in all slots. The next mold change happens at
instant 440 at slot 4 and at instant 441 in slot 2. As the timeline difference between
these two slots is smaller than 3 timesteps, then the heuristic makes slot 4 idle during
one timestep to synchronize the mold change with slot 2 at instant 441 (Figure 8). By
synchronizing these setup times, a saving of 3 timesteps can be achieved in all slots,
except for slot 4 that saves only 2 timesteps.

sq 342 I 463 | 814

A | 342 [ oo ] 364 | s11

A 442 [ 147 I 215 | 810

A 437 [} 367 | 814
Ihcating time waiting time @ synchronization

Figure 8. A solution for the scheduling of Table 7, for a client’s order with one triple
mold.

The next need to change molds is on slot 3 at instant 442+3+43=448 and then at
instant 595. The algorithm was not able to schedule any setups in other slots at the same
time as these. The makespan of this order is 814, which is 6 timesteps (which means 1
hour in only one client’s order) better than the solution obtained in Step (i).
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3.4 Two double molds

This case corresponds to the real data provided by the company (see Table 8), without
any changes. We still assume that the order is made in a single press with 4 slots,
consisting in an example of type My(SgD2,4), where B =[0000],

07 = [212460839 339 144 96] and O2 = [964 1234].

Size 36 | 37 | 38 | 39 |40 | 41 | 42 |43
Nb.of Molds | 1 | 1 | 2 2 17111
Order Quantity | 212 | 460|964 | 1234 | 839 | 339 | 144 | 96

Order (O) |215]463|970|1240 | 842|342 14799

Table 8: Example of an order with two double molds.

The minimal 4-partition obtained by the heuristic described in Section 2 is codified by
the word W =[3412342133], and consists of

Py = {S; = [342,735], Sy = [842,235], S5 = [215, 147,99, 621], Sy = [463,619]}

with Ey = [342 4 735,842 + 235,461 + 621,463 + 619], and ||Ew || = 1082.

Figure 9 presents the scheduling for the vulcanization of the soles in the ascending
ordering of size sole with single mold and with double molds at the end, and adding the
waiting times when a mold is heating in another slot.

s1 342 | 735 ] 1002
ssf 842 I 235 | 1002
s3] 215 [ 17 [ o0 1] 621 | 1001
sa 463 | 619 | 1007
O = [215 463 735 235 6190 621 842 342 147 99] |hC§t?ng t?mc included
W=[3 4 12 13 2 1 3 3] waiting time

Figure 9. Step (i): minimal partition of the example with two double molds.

Searching for the permutations, we analyzed the 192 available permutations in Step
(ii), and found 24 improved solutions. Table 9 and Figure 10 present one of the results.

Slot Id 2 3 4 3 1 3 3 1 2 4
Mold Id |38y 39; 39, 43 38, 42 36 41 40 37
Order 235 621 619 99 735 147 215 342 842 463
Timeline | 235 624 624 723 744 873 1088 1089 1089 1096

Table 9: Scheduling of one of the 24 permutations.
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sy 735 | 342 | 1089

EA| 235 | 842 | 1089

sa 621 [ oo T 17 I 215 | 1088

s4) 619 q 463 | 1096
Iheatiug time waiting time ® synchronization

Figure 10. Step (ii): A solution with two double molds.

The first mold change happens at instant 235, but unfortunately any of the other slots
can change molds at the same time. The next mold change would happen at 622 at slot 4
and at instant 624 at slot 3. Note that, since the difference of the timeline is smaller than
3 timesteps, slot 3 and slot 4 can synchronize the mold change at instant 624, if slot 4
is idle for 2 timesteps. This saves 3 timesteps in slots 1,2 and 3, and saves one timestep
in slot 4. The heuristic improved one timestep from Step (i) to a final makespan of 1096
timesteps.

3.5 One double and one triple mold

Finally, let us consider an example with a double and a triple mold. We adapted the data
provided by the company, and considered the order described in Table 10. We also suppose
that the order will be performed in a unique press with 5 slots, which are all available
from the initial time instant. This corresponds of an order of type My(SeD1T1,5), where
B=1[00000],

O = [212460 539339 144 96], Oy = [964] and Og = [1234].

Size 36 | 37 | 38 | 39 | 40 | 41 | 42 |43
Nb.of Molds | 1 | 1 | 2 3 17111
Order Quantity | 212|460 | 964 | 1234|539 | 339 | 144 | 96

Order (O) 215463 |970 1243 | 542 | 342|147 |99

Table 10: Example of an order with a double and a triple molds.

For this case, the minimal 5-partition obtained by the heuristic is codified by the word
W =1[35123452431] and consists of

Py = {81 = [99,707], Sy = [542,263], S5 = [215, 147, 442], Sy = [342, 461], S5 = [463, 340]}

with Ey = [99 + 707,542 4 263, 362 + 442, 342 4 461, 463 + 340].

Figure 11 presents the scheduling for the vulcanization of the soles, and adding the
waiting times when a mold is heating in another slot. The solution obtained in Step (i)
produces a makespan of 821 timesteps, which will be improved in Step (ii).
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si[e0 ] 707 ] 821
5o 542 I 263 ] s20
sy 215 I 147 | 442 | s16
4l 342 | 461 | =18
ss| 463 | 340 | s18
O = [215 463 707 263 442 461 340 542 342 147 99] |1\ef_1t?tlg t?tne included
wW=[3 4 1 2 2 3 12 1 3 3] waiting time

Figure 11. Step (i): minimal partition with a double and a triple molds.

In Step (ii), for this example, there are 96 available permutations of which 48 are
improved solutions. One of these solutions is presented in Table 11 and in Figure 12.

Slot Id 2 4 5 3 3 1 3 4 2 5 1
Mold Id |38, 41 393 39; 42 38; 36 39, 40 37 43
Order 263 342 340 442 147 707 215 461 542 463 99
Timeline | 263 345 345 448 595 719 813 815 817 817 818

Table 11: Scheduling of one of the 48 permutations.

The first mold change happens at instant 263, and it causes all other slots to wait 3
timesteps meanwhile. The next mold change would happen at instant 3404-3=343 in
slot 5 and at instant 342+3=345 in slot 4; since the difference is 2 timesteps, slot 5 is
idle during this time difference so both slots can synchronize their mold changes. Due
to this, 3 timesteps are saved in slots 1 to 4, and only one timestep in slot 5. None of
the other mold changes could be synchronized. This step of the heuristic improved the
solution from a makespan of 821 to 818 timesteps.

sq 707 [ o0 ]sis

BN | 263 | 542 | 817

sq 142 | I 215 | 813

A | 342 | 161 | s15

LA | 340 q 463 | s17
| neating time waiting time @ synchronization

Figure 12. Step (ii): a solution with a double and a triple molds.

3.6 Summary of the results of the heuristic

The heuristic was run in several examples with data provided from the company. Table 12
provides a summary of the results obtained from the shown examples. All the compu-
tations were performed on a desktop computer running Linux Ubuntu 18.04, equipped
with an AMD Ryzen 9 3950X processor and with 64Gb of RAM memory. The imple-
mentation of the heuristic was done using the Julia (v.1.9.0) language. In all cases, the
computational times of running the heuristic were under three seconds.
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Instance Type n sizes | [ molds | Step(i) | Step (ii) Makespan
All single molds My (Ss,4) 8 8 1249 1249
One double mold M4(S7Dq,4) 8 9 817 814
One triple mold My(S7T1,4) 8 10 820 814
Two double molds M4(SeD2,4) 8 10 1097 1096
One double and one triple mold M4(SGD1T1, 5) 8 11 821 818

Table 12: Summary of the results of the heuristic.

4 Conclusions and future works

This report presents an heuristic developed for the scheduling problem proposed by
Softideia at the 174" ESGI. Based on a smart strategy, the algorithm finds a good
solution in a short amount of time. The proposed methodology followed an heuristic,
instead of an exact mathematical model, since for the company it is more important to
find a good solution in a short amount of time, than spending possibly too much time
running a computational model that would provide the exact optimal solution.

The time complexity of the proposed algorithm is not polynomial. In fact, the first step
of the algorithm is exponential, and the second step is factorial. However, the instances
that the company deal with are small, either regarding the number of different rubber
soles sizes, or the 39 available slots. Therefore, the heuristic was able to find a good
solution for all examples based on real data from the company in just a few seconds.

After choosing a machine, the corresponding smaller problem is solved to optimality
with the proposed heuristic, since all options are being tested and compared. However,
that solution is conditioned by the selection of the machine made on the first step and also
by the strategy chosen for the double and triple molds. Hence, the final solution obtained
by the heuristic is a good solution, but it is not proven to be the optimal solution of the
initial framework.

In future research, the deadlines from the clients could be considered, making it pos-
sible to explore more sophisticated performance measures such as tardiness, lateness, or
number of tardy jobs. An improved heuristic could also be developed, to explore more
areas of the solution space than the explored ones, namely in the splitting jobs between
double and triple molds, and in the first assignment of the machine type.
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